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Microgrids have been introduced to integrate more renewable resources into the utility 
wgrid.  Bidirectionality and low fault current levels are issues that cause fault detection problems 
for microgrids in both grid connected and islanded modes of operation. During an upstream fault 
condition the desired reaction for the microgrid is to island itself. This allows certain loads, such 
as critical loads, to remain uninterrupted during an outage on the main grid.  Therefore, the 
maintenance crew can be safely dispatched to alleviate the problem without fear of back-feed 
from the microgrid side.  Hence, a critical problem that still needs adequate solutions developed 
is the detection of upstream faults in the grid connected mode without reliance on 
communication systems. Protection methods to detect upstream faults through relay solutions are 
presented in this thesis. First, voltage collapse is used to detect faults on one particular microgrid 
topology. However, in power system protection design, it is generally not practical to use voltage 
as an indicator for faults. Hence, a novel protection method is proposed using second order 
harmonic magnitudes as a fault indicator. This protection solution detects faults based on voltage 
and current second harmonic magnitudes during fault transient periods. A microgrid system is 
built and validated based on an actual operational microgrid at Eaton Corporation in Warrendale 
Pennsylvania. Multiple case studies are simulated using PSACAD/EMTDC to verify the 
effectiveness of the proposed protection solutions. 
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1.0  INTRODUCTION 
In today’s society, scientists are making major technological advancements in utilizing 
renewable energy which are shifting our society to become cleaner and more sustainable. This is 
making our aging power grid go through a rapid transformation that involves the integration of 
distributed energy resources (DERs). This has established the concept of a ‘microgrid’ to become 
more widely known around the world due to its ability to facilitate the integration of DERs. 
Numerous microgrids have been implemented and are functioning to help supply power to 
critical infrastructures. Some deployed microgrids are also being used as test beds for 
experimental purposes to research and develop this technology further [1]. Deploying these 
systems gives the power grid the potential to become more reliable and secure. However, with 
the continuing integration of these systems, traditional protection methods need to be altered to 
fully protect the overall system. 
The protection of the power system is necessary to give the end user a safe and reliable 
form of electricity for residential and commercial use. However, protection within inverter based 
microgrids has become a critical issue due to inverters’ low fault current levels and the 
bidirectionality of current flow. Therefore, the need for updated protection methods is growing 
stronger with the growth of microgrids’ applications [2]. Hence, new solutions need to be 
innovated so that the grid’s safety and integrity is not compromised. 
 
 2 
1.1 MOTIVATION 
The continuing advancement in microgrid research, implementation, and protection solutions has 
become more pertinent. Research efforts are being pursued to help with the protection, 
reliability, and power quality issues microgrids present. Bidirectionality problems are a major 
concern when the microgrid is in a grid connected mode. When a fault occurs and it is not 
detected properly it can cause damage to the system and ultimately electrical failure. Therefore, 
an aspect of this protection problem that needs to have further pursuit is the detection of an 
upstream fault when in grid connected mode. 
Microgrids can operate in grid connected or in islanded modes. To protect the overall 
power system properly, the main protection system for the microgrid should have the ability to 
react to faults in both modes of operation [3]. When a fault occurs on the main grid (upstream of 
the microgrid), it is desired that the microgrid is disconnected from the utility grid and operates 
in an islanded mode [4]. This allows the microgrid to continue to supply power to critical loads 
even in the event of an outage on the main grid.  Hence, detecting grid-side faults is one of the 
most critical issues to protect power systems containing a microgrid. 
This particular case can cause damage or unwanted outages to electrical equipment 
within the microgrid if not detected properly, efficiently, and rapidly. Another consideration in 
this type of configuration is to consider that microgrid loads should not suffer on behalf of an 
external fault of the system outside the microgrid boundaries. With today’s technology, a 
solution can be formulated to find an economical and practical solution to this problem. 
Therefore, an attempt to create a novel solution is presented in this paper 
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1.2 PROBLEM STATEMENT 
Bidirectional current flow due to the installation of DER’s and microgrids has been a growing 
issue within the industry. The need for updated protection methods is growing stronger as new 
technologies are becoming a predominant part of the existing electrical infrastructure [2]. The 
dawn of power electronics being integrated into the power system affects the power system 
significantly, which is evident in DC link applications as well as others [3],[4]. Therefore, new 
solutions need to be innovated so that the grid’s safety and integrity is not compromised. When it 
comes to the topic of microgrid integration, the main protection system should have the ability to 
react to faults when the microgrid is in grid connected mode and islanded mode [5]. When a fault 
occurs on the main grid, the desired reaction from the microgrid is to disconnect from the utility 
grid and continue supplying power to its loads without interruption.  Many strategies have been 
proposed to perform this protection function [5]-[6]. For example, overcurrent protection is a 
solution that has been offered by [7], using optical Ethernet. This scheme can allow 
instantaneous protection for local lines and remote buses, despite DERs’ locations. However, it 
uses a communication system, which adds cost and decreases the reliability of the protection 
system. Another approach is utilizing both differential protection and symmetrical components to 
detect faults and fault types [6]. This method is costly due to the use of differential protection 
which requires communication sensing technology. In [8], digital relays were used to protect the 
system via communication channels.  This helps enhance the solution in [6] to make the 
protection system applicable on different configurations.  This method has problems when it 
comes to cost, and reliability because of the communication system utilized. In [9], another 
method using symmetrical components suggested using communication links to locate both 
symmetrical and asymmetrical faults in a reasonable time frame. This method  has shortcomings 
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such as coordination concerns and it also relies on the use of communication links [5]. It is more 
desirable to detect faults and protect both the utility system and the microgrid without the use of 
communication channels [10]. Another method utilized to detect faults is phased base protection 
found in [11]. This method detects a phase difference between the voltage and current when a 
fault occurs and the inverters start supplying full reactive power. However, this method only 
works on close range fault detection. Hence, this thesis will attempt to solve the issue of grid side 
fault identification as presented in Figure 1. 
 
 
 
 
 
 
 
 
Figure 1.  Single line diagram illustrating faulted condition 
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2.0  MICROGRIDS AND COMPONENTS 
This section will discuss the definition of microgrids and the standard components that make up 
a microgrid. These components include generation resources (solar, wind, baseload generation), 
storage, and microgrid management interfaces. This section will include a brief overview of the 
microgrid infrastructure and its components.. 
2.1 MICROGRIDS 
According to the Department of Energy (DOE), a microgrid is described as “a group of 
interconnected loads and distributed energy resources within clearly defined boundaries that acts 
as a single controllable entity with respect to the grid; it can disconnect and connect from the 
grid to enable it to operate in both grid-connected or islanded-mode [12].” As pictured to the 
right in Figure 2, microgrids are made up of different distributed generation resources and 
storage units that can help the microgrid to sustain itself in times of crisis or if one chooses to act 
independently from the main grid. Though the DOE definition specifies that microgrids must be 
grid connected, engineers build systems called conventional microgrids. In essence, these 
systems may even be able to run indefinitely, depending on how they are maintained and fueled, 
and be completely isolated from the main grid [13]. This meaning that the grid will never need to 
supply the loads connected to the main bus power.   
 6 
A microgrid is connected to the main grid at a point of common coupling (PCC), pictured 
in Figure 1. This point maintains voltage at the same level as that of the main grid [14]. If 
building a microgrid in a given area, the PCC could be a utility pole nearby that could handle the 
load being attached, or it might be required to build a new line if there is no pole nearby. A 
switch can separate the main grid from the microgrid to automatically or manually operate. 
Having a switch will allow the islanded mode or grid connected mode to be enabled. For 
example, if the microgrid is not generating or storing enough energy in order to sustain itself, 
then the switch can operate to connect the main grid so it can support the loads attached, as 
defined by the DOE definition. 
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Figure 2. Microgrid Layout 
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2.2 SOLAR ENERGY 
This section will give a brief overview on solar energy, and how it generates its electricity.   
Solar photovoltaic cells absorb the sun’s rays (photons) and convert them to electrical energy.  
Solar energy has many benefits including that it does not produce any pollutants into the 
atmosphere, and is the cleanest source of energy at this time [15]. Solar panels are also very low 
maintenance, easy to install, reduce electricity bills, and can prove reliable.  However, one of its 
downfalls is that it cannot produce energy at night, which leads into the creation of storage 
technology which is described in section 2.3.  
Looking specifically at the Pittsburgh market, solar energy can be hard to imagine due to the 
intermittent amount of sunny days throughout a given year. According to the U.S. National 
Oceanic and Atmospheric Administration (NOAA), Pittsburgh has a 45% chance (annually over 
50 years) of possible sunshine [16]. Compare this to Las Vegas, Nevada at 85%, or Philadelphia 
at 56% [16]. The feasibility of having a single home in the Pittsburgh area independently running 
off of solar energy is not currently cost-effective. In cloudy areas that have the possibility of no 
sunny days, the solar panels and battery storage would need to be oversized in order to store 
enough energy to sustain the house during those days. However, when fully optimized, solar 
resources can be effective if placed in the right locations. This means receiving the maximum 
amount of sunlight it can per day, and potentially combined with other generation assets.   
The two types of solar installations that can be performed are stand-alone ground mounted solar 
or roof mounted solar. Stand-alone ground mounted solar would be practically applied in the 
case of a solar farm design. Roof top mounted solar would be best utilized on residential homes 
and commercial buildings as discussed above. 
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2.3 STORAGE 
Storage units are an essential part of the microgrid design. These units allow for the storage of 
energy from DERs to be used at a later time (e.g. during the night, or in the event of an 
emergency). Therefore, batteries or others storage devices are needed to sustain a microgrid in 
times of crisis, or when the distributed energy resources cannot generate the appropriate amount 
of power to sustain the loads interconnected to the microgrid. In today’s technologies, there are 
multiple forms of energy storage devices, though this is still a major form of research being done 
to make it more efficient and reliable.  These technologies include batteries, flywheels, 
compressed air, thermal, and pumped hydro.  
Batteries are a long-established means of storing electricity in the form of chemical 
energy [17]. The batteries used for storage application are called secondary batteries, because 
they can discharge and recharge repeatedly [17]. Also, these systems normally need to have a 
battery management systems to monitor voltage and temperature of each cell to prevent 
excessive charging and discharging. Normally, it is financially better to have a small battery 
backup that can sustain a home in the case of a grid outage. Otherwise, these systems can 
become very costly and not be feasible to install in a home. 
2.4 WIND ENERGY 
This section discusses the processes and different types of wind that exist today. Wind turbines 
convert kinetic energy in the wind into mechanical power, and then a generator will convert the 
mechanical power into electrical power [18]. There are three types of wind turbines:  Savonius 
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vertical axis wind turbine (SVAWT), modern horizontal axis wind turbine (MHAWT), and 
Giromil/Darrieus vertical axis wind turbine. The most commonly used wind turbine is the 
MHAWT. These turbines are large, both in size and output. For a 600 KW rated turbine the 
average output is between 1.5 to 2 GWH (Gigawatt hours) per year [18]. They are most 
commonly seen on wind farms, and are chosen by the customer as a type of generation to 
receive, just like a typical coal-fired plant. The lifespan of these turbines is about 20-25 years, 
though they are not maintenance free. Throughout their lifespan, they will eventually need parts 
replaced. MHAWT are generally found on wind farms in isolated and high latitude areas where 
they can receive strong enough winds to cause them to rotate. They need annual maintenance in 
order for them to continue operating, which can become very costly to the owner of the turbine. 
These turbines also stand 90 feet tall and would not be conducive to installation within a 
residential area.  
The SVAWT, pictured in Figure 3, is a more economical and space efficient solution. 
These turbines are not as commonly seen due to their low amount of power output and do not 
have a high efficiency ratings [19].  Generally speaking, these wind turbines will only produce 
about 98.6 kWh (kilowatts hours) per day of energy [19]. However, they are not as expensive as 
MHAWT, and they are reliable and environmentally friendly. These turbines are known to be 
good demonstration pieces, and hardly make any noise when operating. These turbines are also 
known for being safe for birds and bats. They are designed to capture wind energy at slow speeds 
within a small land and air footprint, according to Winstax’s [20]. 
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Figure 3. Pitt Ohio SVAWT 
2.5 INDEPENDENT CONTROLLER 
The existence of a controller in a microgrid is what truly brings the concept of a microgrid 
together. The main grid would be difficult to monitor and control if there was not a system in 
place to observe voltages and currents. Therefore, microgrid systems need controllers to monitor 
its activities constantly whether islanded or grid connected.  
Controllers also allow the user to manipulate the system that they monitor. They allow 
remote access to circuit breakers, and can oversee the entire system and detect if there are 
disturbances with the help of relay equipment. Siemens has been working on a platform designed 
for microgrids to do just this. The platform is called Advanced Microgrid management system 
[21]. This system regulates voltages and frequency, utilizes supervisory control and data 
acquisition (SCADA), has emergency demand response, power quality monitoring, etc [21].  
These functions are pertinent in monitoring a microgrid to ensure its stability and functionality. 
The integration of a microgrid controller is crucial to the grid’s security, resiliency, and 
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reliability. However, these controllers are expensive and take knowledge of how to control and 
use them to ensure the complete functionality of the system. 
2.6 BASELOAD GENERATION SUPPORT 
Within a microgrid setting, there will be a need for baseload generation support. This means that 
generators can be integrated into the microgrid to help support the load the DERs cannot, or be 
used for back-up when the DERs fail to generate power while in an islanded mode. If the 
microgrid runs in a grid connected mode these generators do not need to be running, because the 
grid can support the excess load. 
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3.0  FAULTS BACKGROUND 
This section will discuss the information needed to have a general understanding of alternating 
current (AC) faults needed in order to understand the material presented in this document. 
3.1 INTRODUCTION TO FAULTS AND PROTECTION 
In power engineering, the term fault is used when an abnormally high current presents itself 
within a power system caused by a circuit breakdown, and the current bypasses the normal load 
due to a short circuit ultimately causing system failure [1]. A short circuit is an unintended, low 
resistance (theoretically zero) path that allows current to travel where there is zero potential. This 
is due to Ohm's Law which states voltage equals current multiplied by the resistance. This causes 
a large current to flow through the unintended path where the only limiting factor would be a 
very small amount of resistance in the circuit; if there was zero resistance, the current would be 
infinitely large. Faults occur when there is failure between two or more phase conductors, 
between a phase conductor and ground, or sometimes even both [22]. The most common faults 
are phase to phase and single phase to ground faults [22].  In a phase to phase fault, or 
unbalanced fault condition, only two of the three phases get short circuited [22]. If all three were 
to short circuit, it would be known as a balanced fault [22]. In a single phase to ground fault, one 
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of the three phases gets short circuited to earth ground [22]. These types of faults we be 
discussed in further detail in the below sections.  
Many events can cause a short circuit within an electrical system such as weather 
conditions, equipment failure, human error (dropped tools, improper grounding), and nature 
(animals, plants) [22]. The effects of these events are high current flows, dangerous operating 
conditions, possible loss of equipment, disturbance of other active circuits, and electrical fires 
[22]. 
Common fault protection devices include fuses, circuit breakers, and protective relays. 
Fuses are primary protecting devices that operate (open the circuit) based on internal 
characteristics [22]. Circuit breakers “break open” a circuit during fault conditions in the 
electrical system [22].  Protective relays are condition based devices that control the opening and 
closing of circuit breakers [22].  With today’s technology, protective relays are microprocessor 
based devices. They can record data on the fault, provide status indication of circuit breakers, 
and monitor electrical conditions to help analyze the situation and better help electrical engineers 
understand what happened and why. Industry commonly refers to this as Supervisory Control 
and Data Acquisition (SCADA). 
3.2 THREE PHASE AND THREE PHASE TO GROUND FAULTS 
A three phase fault is described as an electrical connection being established between all three 
phases [22]. A three phase to ground fault is described as an electrical connection being 
established between all three phases and the ground [22]. These faults are categorized as a 
symmetrical fault because all three phases are being affected equally by the event.  The three 
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phase fault is electrically represented in Figure 4, and the three phase to ground fault is 
electrically represented in Figure 5.  Both faults are generally referred to as worst case scenario, 
but are not common in practice. When it comes to protective device selection three phase faults 
are used as a reference due to them generally yielding the maximum short circuit magnitudes 
[22].  
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Figure 4. Three Phase Fault Schematic 
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Figure 5. Three Phase to Ground Fault 
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3.3 SINGLE PHASE TO GROUND FAULT 
A single phase to ground fault can be described as an electrical connection being established 
between a single phase and contact to the ground [22]. This fault would be categorized as an 
asymmetric fault because it does not affect each phase equally by the event. This fault is 
represented electrically in Figure 6.  Single phase to ground faults are the most common type of 
fault to occur, and generally are the least disturbing to the system [22]. However, this type of 
fault can range from near zero amps to slightly greater than a three phase fault depending on the 
magnitude of the event [22]. 
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Figure 6. Single Phase to Ground Schematic 
3.4 PHASE TO PHASE FAULT 
A phase to phase fault can be described as an electrical connection being established between 
two of the three phases without any physical contact with the ground [22]. This type of fault is 
categorized as an asymmetric fault because it does not affect each phase equally by the event. 
This fault is electrically represented in Figure 7. These faults are   more common than three 
phase faults and have fault current levels that are about 87% of a three phase fault magnitude 
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[22].  This type of fault is seldom calculated for equipment rating due to not being able to 
provide a magnitude as large as a 3 phase fault [22].  
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Figure 7. Phase to Phase Fault Schematic 
3.5 PHASE TO PHASE TO GROUND FAULT 
A phase to phase to ground fault can be described as an electrical connection being established 
between two of the three phases and ground [22]. This type of fault is categorized as an 
asymmetric fault because it does not affect each of the three phase equally by the event. This 
fault is electrically represented in Figure 8.  These faults generally have a higher magnitude than 
that of a phase to phase fault, but do not provide the same magnitude as a three phase fault 
provides [22]. 
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Figure 8. Phase to Phase to Ground Fault Schematic 
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4.0  MICROGRID PROTECTION BACKGROUND 
This section will review the different strategies that are utilized to protect microgrids to date. The 
integration of microgrids causes problems to the main grids existing protection due to its 
differences in fault level generation, bidirectionality of current flow, the capabilities of islanding 
and grid connecting operating modes, etc. [23]. These changing parameters that the microgrid 
imposes on the main grid, if not protected against, can cause major issues to the power system.   
The main characteristics of the protection system are listed below and  are taken from [24]: 
1. Sensitivity 
2. Selectivity 
3. Speed 
4. Security 
5. Redundancy 
6. Reliability 
 
These six characteristics are pertinent to the protection of the existing grid to date, and will 
remain as such with the integration of DER’s and microgrid systems. In an ideal system, none of 
these six points would be compromised, however, it becomes more difficult to achieve with the 
transformation of the grid. These six characteristics are explained in further detail below.   
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4.1 SENSITIVITY  
Sensitivity is described as having a certain threshold value and control/protection scheme to be 
able to identify any abnormal conditions that may exist in the system [24]. For the standard 
distribution system, a fault is fed by a single source, however this is not the case in a microgrid. 
In a microgrid setting the DERs contribute to the fault as well as the main grids equivalent short 
circuit current. If in grid connected mode, this in turn deteriorates the sensitivity of the protection 
devices [23]. This issue can endanger power system stability and reliability, and could intensify 
in the presence of fault resistance [23]. DERs also contribute less fault current than that of the 
main utility grid, therefore, in the occurrence of a fault the DERs protective devices could remain 
stable and not sense the event. 
4.2 SELECTIVITY 
Selectivity is defined as the ability of a protection system to eliminate faults in a short amount of 
time while disconnecting as little as possible [24]. In the traditional power system fault zones are 
assigned to the protective devices so that when an event occurs the entire system does not trip 
off, but just the zone that saw the event occur, and the remaining zones remain supplying power 
to their respective loads. This mitigates fault consequence and disconnects the smallest possible 
part containing the fault [24]. Microgrids, along with the traditional power grid, must keep this 
coordination so that minimal tripping occurs and as many loads are kept online if unaffected by 
the fault. 
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4.3 SPEED 
Speed is a very important aspect when it comes to safety. Speed is defined as having a relay 
respond in the least possible time if an event occurs [24]. Having quick response times ensures 
that no or minimal equipment is damaged, and the power system stability is not compromised 
[24]. If speed is compromised equipment has the potential to explode, catch fire, etc. due to the 
extremely high currents that the faulted condition created. This meaning the safety of human and 
animal life could be in danger if the power system does not react within a given time to clear the 
faulted condition.   
4.4 SECURITY 
Security is a concern of the faulted condition and of external threat. Security levels should be 
high when it comes to the power system. In terms of internal threats, the protection and control 
should only operate when required to operate, and should be designed to not misoperate [24]. If 
the system is constantly operating contacts within electrical equipment and other components of 
the system wear down. This could lead to credible failures of the equipment, and economic 
losses. 
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4.5 REDUNDANCY 
Redundancy is defined as backup to the primary protection of the system to ensure a level of 
safety and security within the power system [24]. The power system should have redundant relay 
functionalities designed into it so that if the primary protection of a zone would fail, the backup 
relays can take over. Ensuring that redundancy is included in relay design improves the 
reliability and security of the power system [24]. 
4.6 RELIABILITY 
Reliability is a measure of the certainty that the protection system will trip when it is required to 
and to not trip when the operation is not required [23]. Reliability is the idea that the power 
system is dependent, but also secure, and can operate when events occur and ride through events 
that are minimal. This dependability and security is gained through the protective relays that are 
integrated into the power system [20][21]. They are programmed to sense events and know the 
difference between ride-through events and when the system must trip to ensure damage is not 
done 
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5.0  PROTECTION SCHEMES 
In the sections below, a brief review of each protection strategy that can practically be 
implemented to date within a microgrid system will be explained. This is considering that these 
solutions are not total solutions to this issue and cannot always be cost effective 
5.1 DIFFERENTIAL PROTECTION 
Differential protection is based on comparing the currents entering and leaving a protection zone 
[25]. Differential protection determines a threshold value of current to monitor and compare in 
real time the amperage flowing through the system both upstream and downstream. Tripping 
occurs when the difference of the upstream and downstream currents exceeds the determined 
threshold value for the system. This type of protection is effective in microgrids because it can 
help detect the small changes in current that DERs supply in the case of a fault. 
This method is suitable for the protection of microgrids, and can act in as fast as 5 milliseconds 
[25]. Though this can successfully overcome the protection problem of changing fault current 
levels in both islanded and grid connected modes, the need for sensors at the end of each line can 
increase the cost of this scheme dramatically [5]. The sensors also need to be wired to a 
communication system which can compromise reliability and will further increase the cost [5].   
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5.2 VOLTAGE BASED PROTECTION 
Voltage based protection relies on the measurements of voltage to detect different events in the 
microgrid system, and uses communication links to send these voltage signals to the relays. 
Generally, the output voltage of distribution generators is monitored and these measured voltages 
then go through the d-q transformation making the three phase signal into a two signal DC 
quantity. From these DC quantities, a disturbance signal can be calculated as a deviation of the 
voltage signal from a given reference [5].  The calculated deviation can be utilized to detect any 
event within a given system and the duration of the event, including different fault types [25].  
A number of problems are encountered when considering practically employing this scheme. 
The calculations become very complex when utilizing Park and Clarks transformations [5]. 
Furthermore, the detection of faults is based on voltage, and relays can become very sensitive to 
slight voltage fluctuations and drops; which can lead to relay misoperations and tripping [5]. 
5.3 ADAPTIVE PROTECTION 
Adaptive protection allows multiple microgrid configurations to be protected against various 
types of faults [25]. This protection scheme operates in such a way that values are stored within a 
relay and monitored based on present and past configurations. This protection scheme is 
advanced and has three modes of operation in order to configure the relays to the appropriate 
system values. These configurations include offline operation, online operation, and real time 
operation.  
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In further detail, calculated settings are stored within a relays database. When a 
configuration changes, this database is updated with the new settings via computed action and 
even tables. This analysis is performed in the offline operation mode. While operation is online, 
the microgrids central controller will monitor the systems state and operation [25]. While doing 
this the relay in parallel will be continuously checking the stored offline data to configure the 
relays [25]. Thus, leading the relays to monitor system status in real time. The relay will monitor 
the measured current values of the system and compare them to those of the configured relay 
values via communication links [25]. This will allow the relay to detect any non-steady state 
events that occur, and send a signal to trip.  Current direction is monitored as well, ensuring the 
location of an event can be determined [5].  
The characteristics of this protection system allow it to be utilized in different types of 
microgrid configurations, and provides protection against all types of faults [25]. Operation of 
this scheme is sped up with the communication systems, but is not recommended on large 
microgrid systems [25].  
This protection scheme seems practical but has its shortcomings. This scheme is flexible 
but it is very expensive to replace all existing relays to ones that are adaptive in nature [5]. This 
scheme also always needs communication infrastructures for reliable and fast operation which 
can compromise the reliability of the power system [5]. 
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5.4 DISTANCE PROTECTION 
Distance protection schemes utilize the admittances of the relays to improve microgrid protection 
in both islanded and grid connected modes of operation [25]. Faults are detected with an inverse 
time characteristic curve based on the measured admittances of the line. This scheme can operate 
without worrying about fault current levels. For example, when modes of operation are being 
switched the protection will not be affected by the change in current.  
Disadvantages come with this type of protection and are listed below and are supplied by 
[5]; 
1. Fault resistance considerably affects the measurement of the impedance. 
2. Short lines, such as distribution lines, are hard to detect and measure impedance 
on. 
3. Current transients, harmonics, and DC current decay affect the impedance 
measurements. 
With these shortcomings, the distance protection method is not the most reliable form of 
microgrid protection [25].   
5.5 OVERCURRENT PROTECTION 
Overcurrent protection is another form of protection that depends on current measurements. It 
utilizes symmetrical components to assist the zone relay to determine fault type [5]. The zero 
sequence helps in detecting single line to ground faults, and negative sequence helps in detecting 
line to line faults. Though this method is cost affective it has its disadvantages. Communication 
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links are needed in the coordination of the relays and therefore, the reliability of the system is put 
at risk [25]. If a communication link would fail, the system is in danger of failing due to a loss of 
communication between the relays if an event would occur at that time [25]. Another 
shortcoming of this protection scheme is the fault limiting feature on DG devices. These fault 
limiters allow fault current to last for a short amount of time making this protection incapable of 
tripping the breaker in a reasonable amount of time [25]. 
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6.0  EATON MICROGRID MODEL 
In order to further understand the problem statement addressed, a system was modeled in 
PSCAD to observe the transient responses seen during a fault condition. Eaton Corporation’s 
microgrid system was chosen to do this. Shown below in Figure 9 is Eaton’s 480 volt microgrid. 
This system consists of two sources of PV generation, a natural gas generator, and a 30 kW 
battery storage system. 
 
Figure 9. Simplified One Line Diagram of Eaton's Microgrid 
 
It is observed that the microgrid has the potential to supply 60 kW of PV generation and 
30 kW of stored energy to its respective loads and to the main grid neglecting the baseload 
generation. For the purposes of this thesis, the natural gas generator will not be included in the 
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study due to its high penetration of fault current. The condition under study will focus on the 
battery and solar panels contributions to the event of a fault on the main grid, and how to trip the 
microgrids main breaker immediately when the fault is sensed by the protection equipment. The 
challenges and restraints given below for the protection scheme were supplied for Eaton: 
Challenges 
1. Allow 40 kiloWatts to be exported (offset building loads) with no tripping 
2. Sense and rapidly open microgrid for upstream faults in building 
3. Maintain continuity of power to microgrid 
Restraints 
1. Operate reliably with single inverter 
2. No changes to any source characteristics 
3. Sense fault with protective devices only 
6.1 PSCAD MODEL 
To analyze this system in the event of a fault a model of the system was designed in PSCAD. In 
order to accurately model the Eaton system. A steady state and short circuit analysis were 
conducted on the SKM model provided by Eaton Corporation at the Power System Expereice 
Center (PSEC) bus. The numbers obtained in this analysis such as the equivalent Thevenin 
impedance, steady state voltage and current, and short circuit current allowed for an equivalent 
source at a chosen bus could be modeled. This would allow for an accurate representation of the 
Eaton microgrid in PSCAD. This model, which was redrawn in VISIO, is shown below in Figure 
10. 
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Figure 10. Representation of Eaton’s Microgrid System 
6.1.1 Equivalent Source Model 
In order to obtain accurate results, such as voltage drop and current, a Thevenin equivalent 
impedance was calculated on the given SKM model. The results obtained by the SKM model 
were given in per unit sequence components. These results had to be calculated into the 
equivalent resistance (ohms) and inductances (henries) to be inserted into the PSCAD model. 
Equation 1 and Equation 2 were utilized to calculate these results. These equations were 
 30 
algebraically manipulated in order to receive the values of R (resistance) and X (reactance). 
Note: the SKM model provided the total impedance (Z), and the short circuit ratio denoted as S 
in Equation 2. 
Z=√(R+X) 
 Impedance Calculation (1) 
 
SCR=X/R 
 Short Circuit Ratio (2)  
 
To model this an ideal sinusoidal source was used to generate 480 VL-L, and three mutually 
coupled where used to model the calculated Thevenin equivalent zero and positive sequence 
resistances and inductances. This is represented in Figure 11. 
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Figure 11. Equivalent Short Circuit Model 
6.1.2 Cable Model  
The cables downstream from the equivalent source model were modeled as coupled PI sections. 
The cable data was taken from the SKM model. The values given information from the SKM 
model was cable length and the zero and negative resistance and reactance given in ohms per 
1000 feet. To model this in a coupled PI section the line cable length was inserted with the 
calculated zero and positive resistance and reactances given in ohms per foot. Note that the 
sequence capacitive reactance was made considerably high so that it did not affect the results of 
the simulation. The cable model is shown in Figure 12. 
 32 
 
Figure 12. Downstream Cable Models 
 
6.1.3 Microgrid Motor Model 
The microgid motor was modeled based off of the modeled induction motors in SKM and given 
single line diagram. The motors were rated in refrigerator tons (RT) on the single line diagram, 
therefore, this was converted to kiloWatts so that it could be entered appropriately into PSCAD.  
It is known that that one refrigeration ton is equal to 200 BTU per minute in order to melt one 
ton of ice. Therefore, one refrigeration ton is equal to the following equation: 
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1 RT=200  BTU/min*(1 min)/(60 sec)*1.05506/(1 BTU)=3.5169  kJ/s 
Refrigeration Ton Conversion (3) 
In reference to Equation 3, it can be seen that 1 RT unit is 3.5169 kiloJoules per second 
which in other words is 3.5169 kiloWatts. With this conversion the kiloWatts could be converted 
into horsepower.   
The horsepower of each motor was found to be very minimal and did not have to be 
modeled as motors due to their low fault contribution in comparison to the system. Therefore, 
they were modeled as simple inductive and restive load. The calculation in Equation 4 was made 
to determine the total KVA of each load. This was determined assuming each induction motor 
has a .85 power factor.  
S=  Power/(Power Factor) 
Total KVA Calculation (4) 
 
After the total KVA was calculated the total polar impedance was calculated us equations 
5 and 6. Note: the magnitude was determined with Equation 5 and the angle with Equation 6. 
 
Z=  (3* 〖V_ll〗^2)/S_(3∅) 
Impedance Magnitude Calculation (5) 
 
<Z=cos⁡〖( pf)〗 
Impedance Angle Calculation (6) 
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After performing these two equation the total impedance can be put into polar form as 
shown below in Equation 7.  
 
Z< θ=  (3* 〖V_ll〗^2)/S_(3∅)   <cos⁡〖(pf)〗 
Total Polar Impedance Calculation (7) 
 
With the impedance in polar form it can be converted into rectangular form to obtain the real 
(resistive) and imaginary (reactance) parts. Note: the reactance is converted into henries in order 
to satisfy PSCAD. Note: these satisfy the solution for a balanced delta connected load. All values 
were divided by three to transform the impedances into a balanced wye connected load.  
Using this modeled allowed for the appropriate amount of current and power flow on the 
equivalent PSCAD model that the provided SKM model calculated. Note that the variable 
frequency drive (VFD) was not modeled due to it not being connected in the actual system. The 
microgrid motor model can be seen in Figure 13.  
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Figure 13. Microgrid Motor Models 
6.1.4 Voltage Source Converter Model 
The voltage source converter (VSC) was modeled with IGBT’s and diodes with a DC voltage 
source. The voltage source converter is modeled in Figure 14. In order to switch the VSC, logic 
was created to compare the generated signals to a triangular waveform at a constant frequency, 
while the comparator output is split into outputs [26]. One output will control the top switches to 
turn the inverter on and off, while the other output is used to control the bottom switches. These 
switches turn on and off so that the desired output can be obtained based on its real and reactive 
power demands. This logic can be seen in Figure 15.  
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An LCL filter also had to be designed in order to obtain the accurate voltage and power 
results. The LCL filter is placed on the output of the VSC and filters out any unwanted 
harmonics that are caused from the switching transistors. This filter was designed based off of 
[27], and mathematically solved in a Matlab program. The filter designed base on a 10% ripple 
and 1800 hertz reference wave frequency. The final values for are as follows in Table 1.   
Table 1.  LCL Filter Values 
Grid Side Inductance (mH) Inverter Side Inductance (mH) Filter Capacitance (µF) 
53 10.6 8.84 
 
 
Figure 14. Voltage Source Converter Model 
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6.1.5 Voltage Source Converter Pulse Width Modulator  
The switching control of the VSC was controlled by Pulse Width Modulation (PWM). Figure 16 
shows the control schematic. The PWM was modeled so that pulses could be sent to each 
transistor in order to switch itself based off of an imputed voltage and angle that referenced a 
carrier signal.   
In order to obtain the appropriate amount of voltage and power flow out of the VSC, the 
DC voltage had to be calculated. The voltage was calculated based on Equation 8.  
 
 VSC Equation for DC Voltage (8) 
Where V_peak is the peak AC voltage of the nominal system voltage, which in this case 
is 480 volts, and m is the modulation index. The modulation index used to calculate the DC 
voltage was .8.  
The inputs of the PWM were  taken from the current controller that created voltage 
references that are fed into the PWM in per unit. This controller is discussed in Section 5.1.6.The 
PWM reference wave used was 1,800 hertz. 
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Figure 15. VSC Pulse Width Modulation 
6.1.6 Voltage Source Converter Current Regulator 
The VSC’s on Eaton’s system are designed for a maximum of 30 kW of real power generation. 
A simplified current regulating controller was added into the VSC’’s control system so that real 
and reactive power could be regulated manually. This controller model was designed based on 
[28] and [29]. From [28], the proportional and integral gains were provided and the current 
control layout was referenced. However, due to only needing a current controller for this system 
a voltage controller was not designed. Due to this decision a feed forward voltage was summed 
into the current controller to compensate for the absence of the voltage controller [29].  
Inverters are required to perform voltage ride through in accordance with IEEE1547. This 
entails supplying full reactive power during fault conditions. This has been done as in Figure 16. 
This control method continuously sends a pre-determined id and iq current references to the 
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current controller in Figure 17. The controller then switches to the reference currents so that a 
change in power is seen during a fault occurrence. 
 
Wait
Time 
(seconds)
Current Input (        ) 
Current Input 
Fault Condition 
Control Signal 
(1)
Current Input (        ) 
(         )
Current Input 
Fault Condition (         )
 
Figure 16. Reference Current Logic 
 
The VSC’s were designed with current regulating control  parameters as in [28], shown 
in Figure 17.The control regulates the d-axis of current (id) and q-axis of current (iq) so that 
desired d and q voltage references (vd and vq, respectively) are obtained and sent to the pulse 
width modulation (PWM) unit. 
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Figure 17. Current Controller 
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7.0  STEADY STATE AND FAULT ANALYSIS 
The model created in Chapter 5 was verified by performing a steady and fault analysis. This 
analysis ensured the results of the PSCAD model coincided with that of the provided SKM 
model. These results are shown in the below sections. 
7.1 STEADY STATE ANALYSIS 
Performing the steady state analysis began with analyzing the SKM model that was provided. A 
load flow analysis was performed so that the amount of current, and real and reactive power flow 
could be determined. The goal was to ensure that the bus voltage and current flow could be 
benchmarked to ensure the equivalent source was calculated correctly. The power flow was also 
observed so that the loads could be verified as well. Figure 18 also shows that the steady state 
voltage of the microgrid bus is about 277 volts line to ground RMS, which is equivalent to about 
480 volts line to line RMS.   
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Figure 18. Bus Line to Ground Voltage at the Microgrid Bus in PSCAD Model 
7.2 FAULT ANALYSIS 
The next step to verifying the PSCAD model was to determine the fault currents. The fault 
current contribution from the motors, equivalent source, and PV generation, when in service, had 
to be determined from the SKM model. The fault was performed on the PSEC bus, the location 
to which the equivalent source was calculated which is isolated from the microgrid. The results 
from the short circuit comprehensive analysis are shown in Table 4 below.  
 
Table 2.  Results of the SKM Short Circuit Analysis 
SKM File Three Phase Fault 
(Amps) 
Single Line to Ground Fault 
(Amps) 
Without DER & Grid Connected 11,705 5,327 
With DER & Grid Connected 11,805 5,337 
(1) All fault currents are recorded at the PSEC bus 
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The fault currents from Table 3 had to be benchmarked to the PSCAD model in order to 
verify proper operation. The results are shown from the faulted conditions in Table 4. The fault 
current at the PSEC equivalent source bus is also graphically represented in Figure 20. 
 
Table 3. Results of PSCAD Short Circuit Analysis 
SKM File Three Phase Fault 
(Amps) 
Single Line to Ground Fault 
(Amps) 
Without DER & Grid Connected 11,735 5,423 
With DER & Grid Connected 11,793 5,553 
(1) All fault currents are recorded at the PSEC bus 
The results are within 0 to 8 percent error of the SKM model, which is acceptable   
7.3 SUMMARY OF RESULTS 
The results of the steady state and fault analysis concurred with one another. Therefore, the 
model is verified and benchmarked to the existing SKM model that was provided by Eaton. 
Though the results do not match exactly, the error is marginal and can be neglected. This is most 
likely due to the difference in programs and calculations made for the equivalent source and 
other components.  
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8.0  SOLUTIONS 
Solutions were formulated by observing the physical characteristics of the system when a fault 
was placed upstream of the microgrid in the PSCAD model. This is due to the challenges of 
protection because coordination varies based on the topology of the microgrid [30] . The 
solutions are proposed in three case studies that show the strategy and logic used to sense the 
fault and trip EATON’s main microgrid breaker during an upstream event.   
8.1 VOLTAGE COLLAPSE 
The first physical characteristic observed during a fault event on the EATON microgrid was a 
voltage collapse. It was observed that within the EATON campus, the utility was about 230 feet 
away from the microgrid. This is a short distance and no matter where the fault was placed there 
was always a significant voltage drop during a faulted event. This was a characteristic that is 
unique to microgrids that do not have a large distance between the grid and the microgrid 
sources. When a fault occurs further out, the voltage drop will become less and less significant 
until it is negligible to a certain distance. Therefore, this method is not a total solution for all 
microgrids. In the below sections the relay logic performed in PSCAD is shown and explained. 
Figure 19 shows this collapse according to PSCAD as viewed from the microgrid main bus. 
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Figure 19. Voltage Collapse as Viewed from the Microgrid Main Bus 
8.1.1 Voltage Collapse Relay Design 
A relay function was designed within PSCAD to sense this collapse for both balanced and 
unbalanced faults. The design was programmed using logic gates and sending the sinusoidal 
signals through a Park transformation to obtain the dqo values. This transform makes the signal 
into a pure dc signal and allows for a better and easier evaluation of the signal and control.  
In order to design logic to for the voltage the dc signal was observed during a faulted 
condition. The reaction of these signals would allow for a logic design to be implemented. It was 
seen that during a three-phased balance fault that the d and q components would go from their 
steady state values and drop to a voltage of about 0, and the zero component would remain at 0. 
This analysis made sense mathematically when considering the Parkes transformation matrices.  
It was then observed that during an unbalance fault condition that the d components changed m 
minimally during a faulted condition, however, this time zero component would considerably 
rise above its zero value.  This too made sense mathematically. Therefore, to accurately sense the 
voltage collapse the conditions were made based off these observations.  
 46 
 
Figure 20. Voltage Collapse Relay Logic 
8.1.2 Overall Voltage Collapse Conclusion 
A voltage restraint was placed on the overall system so that a voltage collapse could be detected 
in an upstream fault event. This is a solution that is effective for this microgrid topology, but not 
all. Low voltage ride through capabilities and line distances can highly affect this solution. 
However, this is an easy solution when these cases are not present and can be programmed into a 
relay as a threshold value. However, if the voltage drop restraint is not significant this can cause 
sensitivity and nuisance tripping within the system. 
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8.2 SWITCHING HARMONICS 
A harmonics solution was investigated through a Fast Fourier transform (FFT) to see if a unique 
harmonic signature presented itself during an upstream fault event.  A fault was applied upstream 
of the main circuit breaker, as shown in Figure 10. The characteristics that the fault analysis was 
focused on was the harmonics caused by the inverters due to faults. A fault condition can cause 
various harmonics to appear. Hence, harmonics were investigated to find a possible fault 
indicator. We observed that the second order harmonic was the largest of the orders when we 
performed a FFT on the microgrid bus. The current second order harmonic (I_2) and the voltage 
second order harmonic (V_2) both appear during a fault transient period. The second order 
harmonic is caused by ripple on the dc link of multilevel inverters [31]. This ripple effect is 
generated by a voltage imbalance DC bus which cause fluctuations in both voltage and power at 
twice the line frequency when the output is a sinusoidal waveform, which causes the inputted 
instantaneous power to have both AC and DC components [31]-[32]. 
8.2.1 Low Voltage Ride Through in Inverters 
Low voltage ride through (LVRT) requires connected generation to stay connected to the grid 
during times of low voltage at the PCC [33]. A way of doing this is to supply reactive power 
during times of voltage dips so that the voltage may be supported [32]. Riding through times of 
low voltage has become requirement in IEEE 1547 [33]. This feature however, is not in all 
inverters today. Solar farms and wind farms built previous to this dynamic control design do not 
have these capabilities. However, this control is valuable in microgrids so that during islanding 
situations and during certain fault conditions; this control can stabilize the voltage and ensure it 
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does not collapse [34]. However, the LVRT control follows certain characteristics and capability 
curves that show the limitations of the control based on the inverter design [35]. Dependent on 
the inverter, LVRT capabilities can vary on how they handle ride through situations at the PCC. 
For example, period of fault or the voltage ride through capabilities depends on the magnitude of 
the voltage drop at the PCC during a faulted conditions, and the amount of time the grid takes to 
recover from the event [36].  Both LVRT capability and no LVRT capabilities were analyzed for 
the second harmonic protection solution presented in the following sections. This verified the 
proposed protection solution for both cases.  
8.2.2 Fault Condition Case Studies without Low Voltage Ride Through 
It is necessary to study to the reaction of the system under fault conditions to understand how to 
detect the second order harmonic magnitude effectively. Three fault conditions were applied to 
the system to show magnitudes of I_2 and V_2 signals. These conditions were a three phase to 
ground fault, line to line to ground fault, and single line to ground fault. 
 
Three Phase to Ground Fault 
A permanent three phase to ground fault was applied at t = 200ms to the system in this section. 
The magnitudes of I_2 and V_2 are shown in Figures 21 and 22, respectively. These magnitudes 
are what appears during the fault transient when this type of fault is applied upstream of the 
system. V_2 is significantly higher than normal operation as shown in Figure 21. The current 
magnitude is low in harmonic content, this is due to not having a strong presence of negative 
sequence components from an unbalanced fault condition [32]. However, it is relatively high 
compared to normal operation which has zero second order harmonic value shown in Figure 6. 
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Based on these observations thresholds for the three phase fault detection could be determined, 
and appropriate logic could be deisgned which will be presented later in Section 7.2.4. 
 
Figure 21. Three phase fault 2nd harmonic voltage 
 
Figure 22. Three phase fault 2nd harmonic current 
 
Line to Line to Ground Fault 
A line to line to ground fault was applied to the system in this section. The magnitudes of I_2 
and V_2 signals are shown in Figures 23 and 24, respectively. These magnitudes are what 
appears during the fault transient when a line to line to ground fault is applied upstream of the 
system. It can be seen that both the I_2 and V_2 magnitudes are significantly higher than in 
normal operation. Based on these observations, the thresholds for the line to line to ground fault 
detection could be determined, and appropriate logic could be deisgned which will be presented 
later in Section 7.2.4. 
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Figure 23. Line to line to ground fault 2nd harmonic voltage 
 
Figure 24. Line to line to ground fault 2nd harmonic current 
 
Single Line to Ground Fault 
A single line to ground fault was applied to the system in this section. The I_2 and V_2 
magnitudes are shown in Figures 25 and 26, respectively. These magnitudes appear during the 
fault transient when this type of fault is applied upstream of the system. It can be seen that both 
the I_2 and V_2 signals magnitudes are significantly higher in second order harmonic content 
than in normal operation. Based on these observations the thresholds for the single line to ground 
fault detection could be determined, and appropriate logic could be deisgned which will be 
presented later in Section 7.2.4. 
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Figure 25. Single line to ground fault 2nd harmonic voltage 
0
50
100
150
200
140 160 180 200 220 240 260
Cu
rre
nt
 (A
m
ps
)
Time (ms)
Figure 26. Single line to ground fault 2nd harmonic current 
8.2.3 Fault Condition Case Studies with Low Voltage Ride Through 
It is necessary to study to the reaction of the system under fault conditions to understand how to 
detect the second order harmonic magnitude effectively. Three fault conditions were applied to 
the system to show magnitudes of I_2 and V_2 signals. These conditions were a three phase to 
ground fault, line to line to ground fault, and single line to ground fault. 
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Three Phase to Ground Fault 
A permanent three phase to ground fault was applied at t = 200ms to the system in this section. 
The magnitudes of I_2 and V_2 are shown in Figures 27 and 28, respectively. These magnitudes 
are what appears during the fault transient when this type of fault is applied upstream of the 
system. V_2 is significantly higher than normal operation as shown in Figure 21. The current 
magnitude is low in harmonic content, which is due to not having a strong presence of negative 
sequence components from an unbalanced fault condition [32]. However, it is relatively high 
compared to normal operation which has zero second order harmonic value shown in Figure 6. 
Based on these observations thresholds for the three phase fault detection could be determined, 
and appropriate logic could be deisgned which will be presented later in Section 7.2.4. 
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Figure 27. Three phase fault 2nd harmonic voltage 
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Figure 28. Three phase fault 2nd harmonic current 
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Line to Line to Ground Fault 
A line to line to ground fault was applied to the system in this section. The magnitudes of I_2 
and V_2 signals are shown in Figures 29 and 30, respectively. These magnitudes are what 
appears during the fault transient when a line to line to ground fault is applied upstream of the 
system. It can be seen that both the I_2 and V_2 magnitudes are significantly higher than in 
normal operation. Based on these observations, the thresholds for the line to line to ground fault 
detection could be determined, and appropriate logic could be deisgned which will be presented 
later in Section 7.2.4. 
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Figure 29. Line to line to ground fault 2nd harmonic voltage 
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Figure 30. Line to line to ground fault 2nd harmonic current 
 
 
 54 
Single Line to Ground Fault 
A single line to ground fault was applied to the system in this section. The I_2 and V_2 
magnitudes are shown in Figures 31 and 32, respectively. These magnitudes appear during the 
fault transient when this type of fault is applied upstream of the system. It can be seen that both 
the I_2 and V_2 signals magnitudes are significantly higher in second order harmonic content 
than in normal operation. Based on these observations the thresholds for the single line to ground 
fault detection could be determined, and appropriate logic could be deisgned which will be 
presented later in Section 7.2.4. 
0
50
100
150
200
250
300
150 200 250 300 350 400
Vo
lta
ge
 (V
0l
ts
)
Time (ms)
 
Figure 31. Single line to ground fault 2nd harmonic voltage 
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Figure 32. Single line to ground fault 2nd harmonic current 
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Summary of Fault Analysis Results 
The overall analysis of these fault conditions will be used to design an algorithm that would 
allow the main microgrid breaker to trip based on a second order harmonic magnitude threshold. 
This will allow us to protect the microgrid against upstream faults to perform islanding without 
the dependence on communication. The relay logic which will be presented next, will detect 
large and small second order harmonic magnitudes when an upstream fault occurs. Proper 
threshold values can be determined based on the analysis above to avoid false tripping and 
blinding conditions.    
8.2.4 Fault Detection Logic Using Second Order  
An algorithm is presented to detect the second harmonic magnitudes in the current and voltage 
signals. The relay algorithm was built and tested in the simulation environment to determine the 
effectiveness of this method. Each fault clearing case and time is shown to demonstrate the 
performance of the proposed method. 
 
Second Harmonic Relay Logic 
Relay logic is formulated to effectively detect the occurrence of a fault through the second order 
harmonic. Figure 33 shows the proposed relay algorithm to detect a larger second order 
harmonic at the instant of an upstream fault occurrence. 
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Figure 33. Second harmonic relay logic 
 
The logic in Figure 34 performs an FFT on both the current and voltage of the 
microgrid’s main bus. After the FFT is performed the separate summations of the three phases 
for the voltage and current is computed. The current is compared to the threshold value that was 
chosen for the system conditions. This current could be determined based on various load 
switching sensitivity analysis, which are presented in Section 7.2.4. The logic can distinguish 
between two possible fault types (balanced and unbalanced faults). If the sum of the signals 
becomes greater than the specified threshold value of the current then an unbalance fault 
occurred on the system. If the second harmonic current values are lower than the threshold value, 
but not zero, then a balanced three phase fault has occurred. These comparisons send a logic 
signal through an OR gate; while the summation of the measured three phase voltage second 
harmonic signals are being compared based on a V_2 threshold. Both of these comparisons are 
sent through an AND gate to determine whether to trip the microgrid main breaker. The AND 
gate is utilized so that both the voltage and current conditions must be true in order to trip the 
main breaker. This makes the protection method less sensitive so that false tripping is less likely 
to occur. 
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Figure 34. Second Harmonic Logic Circuit 
8.2.5 Load Switching Sensitivities Analysis  
Case studies were performed to verify that the relay logic is valid in detecting upstream faults. 
The case studies performed were multiple load switching scenarios. This ensures the relay’s 
logic does not trip during various load switching situations due to the transients that would occur. 
The loads tested had various sizes of resistors and inductors. This was done in order to give each 
case a different power factor. This has demonstrated that the detection method works effectively 
for upstream faults. 
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Load Switching at a .97 Power Factor 
The first load switching test had a power factor of about .97. Figures 35 and 36 show the 
observed second harmonic in the voltage and current during a load switching event, respectively. 
Figure 29 shows that the V_2 during this load switching voltage event is much lower than the 
V_2 observed during faults shown sections 7.2.2 and 7.2.3.  Figure 35 shows that the I_2 during 
this load switching event is much lower than the I_2 observed during faults shown in Figure 24 
and Figure 26, and much higher than Figure 22. The V_2 being lower for three-phase faults than 
load switching is actually useful as it allows us to classify faults. This is because the V_2 for all 
faults will always be higher than for load switching events. Therefore, balanced faults can be 
detected and classified through high V_2 and low I_2. 
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Figure 35. Load switching (pf = .97) 2nd harmonic voltage 
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Figure 36. Load switching (pf = .97) 2nd harmonic current 
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Load Switching at a .85 Power Factor 
The second load switching test had a power factor of about .85. Figures 31 and 32 show the 
observed second harmonic in the voltage and current during this load switching event, 
respectively. Figure 31 shows that the V_2 during this load switching voltage event is much 
lower than the V_2 observed during faults shown in Figure 21, Figure 23, and Figure 25.  Figure 
32 shows that the I_2 during this load switching event is much lower than the current I_2 
observed during faults shown in Figure 24 and Figure 26, and much higher than Figure 22. This 
is similar to the previous sub-section. 
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Figure 37. Load switching (pf = .85) 2nd harmonic voltage 
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Figure 38.  Load switching (pf = .85) 2nd harmonic current 
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Load Switching Results 
Table 4 compares the magnitudes of the second harmonic magnitudes from each fault and load 
switching event. It is clear from Table I, that the V_2 is always greater for all fault types than 
load switching events. Hence, we can tune the second order harmonic threshold values so that 
the relay does not trip for load switching events and trips for upstream faults. By using both I_2 
and V_2, we can design dependable and secure relay protection logic for balanced and 
unbalanced faults. 
Table 4. Load Switching Results Comparison 
Event Type 
Current (Amps) Voltage (Volts) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Three Phase to 
Ground Fault 0 26 36 0 275 290 
Line to Line to 
Ground Fault 0 92 180 0 190 205 
Single Line to 
Ground Fault 0 150 200 0 165 165 
Load Switching 0 68 0 7 
 
8.2.6 Capacitor Switching Sensitivity 
To further verify the results of the second harmonic, relay logic capacitor banks were also 
switched to ensure that the threshold magnitude values would still be effective in this type of 
event. Capacitor bank sizes were chosen from [37] so that the sizes were accurate for a 480 volt 
system. 
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25 kVAR Capacitor Bank 
The first capacitor switching test had a reactive power rating of 25 kVAR. Figures 33 and 34 
show the observed second harmonic in the voltage and current during a capacitor switching 
event, respectively. Figure 33 shows that the V_2 during this load switching voltage event is 
much lower than the V_2 observed during faults shown in Figure 21, Figure 23, and Figure 25.  
Figure 34 shows that the I_2 during this load switching event is much lower than the I_2 
observed during faults shown in Figure 24 and Figure 26, and much higher than Figure 22. The 
V_2 being lower for three-phase faults than load switching is actually useful as it allows us to 
classify faults. This is because the V_2 for all faults will always be higher than for load 
switching events. Therefore, balanced faults can be detected and classified through high V_2 and 
low I_2. 
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Figure 39. Capacitor switching (25 kVAR) 2nd harmonic voltage 
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Figure 40. Capacitor switching (25 kVAR) 2nd harmonic current 
 
50 kVAR Capacitor Bank 
 
The second capacitor switching test had a reactive power rating of 50 kVAR. Figures 35 and 36 
show the observed second harmonic in the voltage and current during a capacitor switching 
event, respectively. Figure 35 shows that the V_2 during this load switching voltage event is 
much lower than the V_2 observed during faults shown in Figure 21, Figure 23, and Figure 25.  
Figure 36 shows that the I_2 during this load capacitor switching event is much lower than the 
current I_2 observed during faults shown in Figure 24 and Figure 26, and much higher than 
Figure 22. This is similar to the previous sub-section. 
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Figure 41. Capacitor switching (50 kVAR) 2nd harmonic voltage 
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Figure 42. Capacitor switching (50 kVAR) 2nd harmonic current 
 
Capacitor Switching Results 
Table 5 compares the magnitudes of the second harmonic magnitudes from each fault and 
capacitor switching event. It is clear from Table I, that the V_2 is always greater for all fault 
types than load switching events. Hence, we can tune the second order harmonic threshold values 
so that the relay does not trip for load switching events and trips for upstream faults. By using 
both I_2 and V_2, it was demonstrated that during a capacitor switching event on the grid it 
would not nuisance trip, therefore, the relay protection was verified further. 
 
Table 5. Capacitor Switching Results Comparison 
Event Type 
Current (Amps) Voltage (Volts) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Three Phase to 
Ground Fault 0 26 36 0 275 290 
Line to Line to 
Ground Fault 0 92 180 0 190 205 
Single Line to 
Ground Fault 0 150 200 0 165 165 
Capacitor Switching 0 62 0 8 
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8.2.7 Microgrid Side Fault Sensitivity 
The last sensitivity performed was applying a fault on the microgrid side of the breaker to 
observe if the same second harmonics occurred. It was observed that they did in a larger 
magnitude. Therefore, a unique characteristic of a microgrid side fault had to be incorporated 
into the relay logic so that the protection could differentiate between the two types of faults. It 
was observed that during a microgrid side fault a strong overcurrent still exists from the utility 
and could be used. In Figure 27 and 28 an overcurrent feature was incorporated into the 
algorithm so that when a microgrid side fault occurred all the microgrids breakers will open. 
 
Three Phase Microgrid Side Fault 
A three phase microgrid side fault was applied to the system in this section. The I_2 and V_2 
magnitudes are shown in Figures 25 and 26, respectively. These magnitudes appear during the 
fault transient when this type of fault is applied upstream of the system. It can be seen that both 
the I_2 and V_2 signals magnitudes are significantly higher in second order harmonic content 
than in normal operation and an upstream fault condition. This is similar to the previous sub-
section. 
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Figure 43. Three Phase Microgrid Fault 2nd Order Harmonic Voltage 
 
 65 
 
Figure 44. Three Phase Microgrid Fault 2nd Order Harmonic Current 
 
Line to Line to Ground Microgrid Side Fault 
A line to line to ground microgrid side fault was applied to the system in this section. The I_2 
and V_2 magnitudes are shown in Figures 25 and 26, respectively. These magnitudes appear 
during the fault transient when this type of fault is applied upstream of the system. It can be seen 
that both the I_2 and V_2 signals magnitudes are significantly higher in second order harmonic 
content than in normal operation. This is similar to the previous sub-section. 
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Figure 45. Line to Line Ground Microgrid Fault 2nd Order Harmonic Voltage 
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Figure 46. Line to Line to Ground Microgrid Fault 2nd Order Harmonic Current 
 
Single Line to Ground Microgrid Side Fault 
A single line to ground microgrid side fault was applied to the system in this section. The I_2 and V_2 
magnitudes are shown in Figures 25 and 26, respectively. These magnitudes appear during the fault 
transient when this type of fault is applied upstream of the system. It can be seen that both the I_2 and 
V_2 signals magnitudes are significantly higher in second order harmonic content than in normal 
operation. This is similar to the previous sub-section. 
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Figure 47. Single Line to Ground Microgrid Fault 2nd Order Harmonic Voltage 
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Figure 48. Single Line to Ground Microgrid Fault 2nd Order Harmonic Voltage 
 
Summary of Microgrid Side Fault Analysis Results 
The overall analysis of these fault conditions were used to incorporate an overcurrent feature in 
the relay logic. This was incorporated so that microgrid side faults and upstream faults could be 
distinguished between. This addition was critical so that in the event of a microgrid side fault the 
detection would be able to open all microgrid breaker including the main breaker. This allowed 
the protection of the microgrid against upstream and downstream faults to perform islanding 
without the dependence on communication. 
 
8.2.8 Fault Detection Times 
The upstream fault detection times for the relay logic ranged from 13 to 19 ms. Fault detection 
times can be defined as the amount of time the simulation environment took to process the 
proposed logic and detect that an upstream event had occurred within the PSCAD simulation 
environment, which is almost an instantaneous response. However, if considering the EATON 
relay it would then take an additional ¼ to 3 cycles to trip the breaker. In the case of the 
Warrendale microgrid, a contactor is being utilized to isolate the microgrid from the main grid, 
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and the delay from sensing the event to operationally tripping is an additional 3 cycles (i.e. about 
50 ms). The results in Figures 33, 34, and 35 reflect only the amount of time the simulation 
environment took to detect the fault, and the additional delay was not incorporated. This delay 
would be different dependent on the type of protection equipment that is being utilized. 
 
Three Phase Fault Clearing Time 
The logic was tested by applying a three phase fault to the system. The observations made in 
Section 7.2.2 and 7.2.3 allowed second order harmonic thresholds to be determined to operate 
reliably during a three phase fault. Once these features were determined, second order harmonic 
threshold setpoints can be set in the relay logic. The simulaton was run in order to determine the 
amount of time it would take to trip the microgrid’s main breaker in the event of a three phase 
fault upstream of the microgrid.  It can be seen in Figure 43, that the breaker tripped in 19 ms. 
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Figure 49.  Three phase fault detection time 
 
Line to Line to Ground Clearing Time 
The logic was tested by applying a line to line to ground fault to the system. The observations 
made in Section 7.2.2 and 7.2.3 allowed second order harmonic thresholds to be determined to 
operate reliably during a three phase fault. Once determined these features were set as inputs into 
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the logic. The simulaton was run in order to determine the amount of time it would take to trip 
the microgrid main breaker in the event of a three phase upstream fault.  It can be seen in Figure 
44, that the breaker tripped in 15 ms. 
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Figure 50.  Line to line to ground fault detection time 
 
 
Single Line to Ground Clearing Time 
The logic was tested by applying a single line to ground fault to the system. The observations 
made in Section 7.2.2 and 7.2.3 allowed second order harmonic thresholds to be determined to 
operate reliably during a three phase fault. Once determined these features were set as inputs into 
the logic. The simulaton was run in order to determine the amount of time it would take to trip 
the microgrid main breaker in the event of a three phase upstream fault.  It can be seen in Figure 
45, that the breaker tripped in 13 ms. 
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Figure 51. Single line to ground fault detection time 
Fault Detection Summary 
The presented algorithm for the second harmonic detection was successfully demonstrated. Table 5 shows 
the fault clearing times of the microgrid main circuit breaker utilizing the logic presented. 
Table 6.  Fault Detection Times 
Fault Type Fault Detection Times (ms) 
Three Phase to Ground 19 
Line to Line to Ground 15 
Single Line to Ground 13 
 
8.2.9 Overall Switching Harmonics Conclusion 
Transient harmonic analysis was performed on the system under an upstream fault condition. 
The fast fourier transform analysis showed that during a faulted condition a second order 
harmonic appears in both the voltage and current signals.  We designed relay logic that detected 
both the voltage and current second harmonic magnitudes to trip the microgrid main breaker 
without the reliance on communication. Threshold values were determined for this logic by 
analyzing different load and fault switching events. We demonstrated the effectiveness of the 
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proposed approach in a simulation environment.  Table 7 shows all the results presented above in 
a summarized table. 
Table 7. Overall Switching Result Comparison 
Event Type 
Current (Amps) Voltage (Volts) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Steady 
State 
2nd 
Harmonic 
(No LVRT) 
2nd 
Harmonic 
(LVRT) 
Three Phase to 
Ground Fault 0 26 36 0 275 290 
Line to Line to 
Ground Fault 0 92 180 0 190 205 
Single Line to 
Ground Fault 0 150 200 0 165 165 
Load Switching 0 67 0 8 
Capacitor Switching 0 62 0 7 
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9.0  CONCLUSION AND FUTURE RESEARCH 
The objective of this thesis was the discovery of simple and practical methods for detecting 
upstream faults in a grid tied microgrid setting. This was accomplished through two types of 
relay detection methods. The two methods presented were voltage collapse and second order 
harmonic detection. These methods allowed the relay to detect faults via identifying certain 
system characteristics described below.  
Voltage collapse was a solution unique to EATON Corporation’s system. This method 
was able to be used due to the short cable lengths and the voltage significantly collapsing at the 
microgrid main bus at any fault location within the EATON campus. This method cannot be 
utilized for all microgrid topologies and voltage ride through capabilities in accordance to IEEE 
1547.A voltage restraint method is commonly used in relay setting and is easily accessible to 
program and utilize in relays.  
Harmonic transient analysis of the system was used to study an upstream fault condition. 
The fast fourier transform analysis showed that during a faulted condition a second order 
harmonic appears in both the voltage and current signals.  Relay logic was designed to detect 
both the voltage and current second harmonic magnitudes to trip the microgrid main breaker 
without the reliance on communication. Threshold values were determined for this logic by 
analyzing different load and fault switching events. Overcurrent protection was incorporated so 
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that upstream faults and microgrid side faults could be distinguished. The effectiveness of the 
proposed approach was demonstrated in PSCAD/EMTDC simulation environment.  
In conclusion, the second harmonic detection method presented gave a a practical relay solution 
to protect the power system from upstream faults in a grid connected microgrid setting. The 
method does not depend on traditional over-current nor under-voltage detection, and it can detect 
faults without using communication channels. 
Future research into these topics would include the following: 
• Investigating transformer inrush current and the effects it may have on the 
proposed second harmonic solution.  
• Investigating the proposed protection solutions with more advanced control 
techniques 
• Load shedding techniques for microgrids when entering a islanded mode, 
specifically around motor inrush current. 
• Since PV is a varying source, consider cases with a single inverter such a sa 
battery source to see how the proposed protection scheme responds. 
• The safety of protection methods used to island microgrids and the ensure there is 
no backfeed onto the grid during an outage. 
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